We fabricated photonic crystal slow light waveguides integrated with multi-heaters, using CMOS-compatible process. By optimizing heating powers and adjusting the index distribution, a clear delay peak was observed, which suggests that the fabrication errors were compensated for completely. When a linear index chirp was added to this condition, the delay was tuned by 54 ps. When a quadratic chirp was added, arbitrary group delay dispersion was generated at wavelengths around 1550 nm within a 3 nm bandwidth. The continuously tunable range was from À32 to 54 ps/nm/mm. Using this as a dispersion compensator, we compressed pre-chirped pico-second pulses. Slow light has a group velocity much lower than that in vacuum. With some external controls, it can be applied to optical delay scanning and time-domain optical signal processings. Photonic crystal slow light waveguides (PCWs) formed on silicon-on-insulator (SOI) substrate are promising for such applications as they generate wide-band, tunable on-chip slow light at room temperature.
1,2 Previously, we fabricated a high-quality PCW using e-beam lithography and formed an index-chirp by localized laser heating. Consequently, we succeeded in demonstrating a widely tunable delay with a tunable fractional delay of 36 for picosecond pulses. 3 In recent years, photonic integrations based on SOI substrate and CMOS-compatible process have progressed very rapidly. Here, we can integrate spot size converters (SSCs), Si wire waveguides, micro-heaters, pn injection diodes, Ge photo-diodes, and so on. We have already demonstrated a coherent receiver using micro-ring slow light devices using this technology. 4 We also fabricated PCWs with an air-bridge structure on a wafer scale using this process 5 and demonstrated a compact and fast optical modulator. 6 Photonic-crystal coupled cavities have also been integrated with heaters using this technology. 7 In this study, we integrated multiple heaters with the PCW, so that fabrication errors are compensated for completely by adjusting the heating powers. Moreover, we formed linear and quadratic index chirps by optimized heating and demonstrated a tunable delay while keeping the delay spectrum flat, as well as arbitrary dispersion slopes effective for compensating the dispersion of short pulses. Figure 1 shows the fabricated device. Light from an external fiber is coupled on to the chip and to the 320-lmlong lattice-shifted PCW (LSPCW) through SSCs and Si wire waveguides, respectively. The PCW consists of triangular lattice airholes and a single line defect, formed in a 210-nm-thick air-bridged Si slab on SOI substrate. To obtain wideband slow light, we employed the third-row latticeshifted PCW (LSPCW, 5 s ¼ 100 nm). On each side of the LSPCW, seven pairs of TiN heaters were integrated. The heaters' width, thickness, and electrical resistance are 3 lm, 0.13 lm and $600 X, respectively. For effective heating of the LSPCW, air-slots were placed around the heaters. Figure  2 shows the temperature distribution calculated by threedimensional finite-element method. To simulate the fabricated device, we assumed that the heaters are buried in the silica cladding and positioned away from the edge of the airbridge LSPCW by 5 lm in the lateral direction and 1.1 lm in the vertical direction. Thermal conductivities of Si, TiN, and silica are 145, 67.7, and 2.1 W/m/K, respectively, and the conductivity of the PCW is estimated from its air filling factor to be 97.6 W/m/K. In Figs. 2(a) and 2(b), only the center pair of heaters is heated at 600 mW. As observed in (a), airslots suppress thermal diffusion, so the heating is localized around the heaters. The thermal diffusion to LSPCW is limited only by the air-bridge slab. Therefore, the temperature shift at the LSPCW is $40% compared to that around the heaters. The temperature distribution calculated along the waveguide (dotted line in Fig. 2(a) ) is shown by the solid line in Fig. 2(b) . Plotted circles are measured ones for another sample, in which 15 point defect cavities (H1-type) were placed adjacent to the waveguide with an interval of 22 lm. The resonant wavelength shift of each cavity due to the heating was measured and the temperature at each position was estimated, assuming that the temperature dependence of the wavelength is 0.082 nm/K. Since a temperature rise of $30 K was observed at all cavities, which might be due to the uniform heating of the entire device chip (2.06 Â 8.0 Â 0.75 mm 3 ), we subtracted this as an offset for the comparison with the calculated result. Measured data are in good agreement with the calculation, and the highest temperature shift was 280 K. Figure 2(c) shows the temperature distribution when three adjacent pairs of heaters closest to the left end of the LSPCW are heated at 330, 220, and 110 mW. We aimed at forming a linear index chirp, but three slow peaks appeared around the heaters due to the too tight thermal confinement by the air-slots. Figure 3 shows the delay spectra for various heating powers in the LSPCW without cavities. When the shift s in the LSPCW is as large as 100 nm, a flat photonic band is formed, and so a narrow-band delay peak should be observed in a chirp-free device. However, fabrication errors within 5 nm is induced into the air-hole diameter of the device, which makes the delay spectrum broadened and the delay peak suppressed even without heating, as shown in Fig. 3(a) . 2 When we adjusted the heating pattern, the peak becomes ideally sharp, as shown in Fig. 3(b) , indicating that the errors are well compensated for. This also suggests that the errors have a periodic distribution, which can be compensated by the multi-peak temperature distribution seen in Fig. 2(c) . The formation of heaters and air-slots might change the mechanical stress in the air-bridge photonic crystal. Further changing the heating pattern from this condition, the delay decreased by 54 ps while the spectral top remains flattened, as shown in Figs. 3(c)-3(e). Such flat spectra indicate that a linear index chirp was formed in spite of the multi-peak temperature distribution. Note that the heating pattern in Fig. 3(e) is alternately changed from that in Fig. 3(b) . This also suggests that the periodic fabrication errors and alternate heating form a repeated folded chirp. The spectral top will be smoothened by weakening moderately the confinement of the heating by air-slots or increasing the number of heaters.
When the heating pattern is further adjusted, so that the index chirp becomes quadratic, positive or negative wavelength dispersions is generated, as shown in Fig. 4 . At wavelengths around 1550 nm and within a 3 nm bandwidth, the dispersion was changed continuously from À10 to 17 ps/nm (À32 to 54 ps/nm/mm). So far, some devices such as Si coupled grating waveguides 8 and PCW 9 have generated large dispersions on a chip. However, they are nearly fixed values, and their absolute values were no higher than 0.15 ps/nm. Therefore, the 100 times larger values of the dispersion and its tunability that we presented here are significant advantages. In fact, we succeeded in demonstrating the device operation as a dispersion compensator. Here, we added the pre-chirping using a tunable dispersion compensator, Alnair TDC-100 to 2.3-ps-wide pulses from a mode-locked fiber laser, and inserted into the device. Figure 5 shows the waveform of output pulses measured by a commercial autocorrelator. When the dispersion in the TDC-100 was 3.5 ps/ nm, the pulse length was shortened from 5.0 ps to 3.2 ps by adjusting the heating pattern to generate negative dispersion. On the other hand, when the dispersion in the TDC-100 was À3.3 ps/nm, the pulse length was decreased from 5.9 ps to 2.4 ps by generating a positive dispersion. The pulse compression in the former case was smaller, because the oscillation in the delay spectrum is larger at the negative dispersion, and this may lead to higher-order dispersions. In this measurement, the insertion loss was 15 dB including the coupling loss at the SSCs (on-chip loss is approximately 9 dB). This is not a crucial problem if the pulses are amplified outside of the chip or detected using an integrated photodetector.
In this study, we integrated a LSPCW slow light device with multi-heaters using CMOS-compatible process and demonstrated minute control of the device characteristics by controlling the heating pattern. First, we confirmed the good agreement between simulated and experimental temperature distributions due to the heating. By adjusting the heating pattern, chirp arising from fabrication errors were compensated for and a clear delay peak was observed. We then formed linear and quadratic index chirps. For the former, we demonstrated a tunable delay of 54 ps while maintaining flat-top spectra; this can be applied to delay scanning in optical correlators. 3 For the latter, we demonstrated a continuous change of the wavelength dispersion in the range from À10 to 17 ps/nm, and its operation as a dispersion compensator of picosecond pulses.
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